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ABSTRACT. Cheap natural sepiolite clay and TiO2 in the anatase form can easily be converted into an 
efficient hybrid adsorbent/photocatalytic material, usable for H2S and SO2 capture and odor elimination. This 
can be achieved by extrusion of powder mixtures combined with coating of photocatalytically active titania. By 
means of the sorption capacity of the sepiolite it is possible to fixate gaseous sulfur species and by subsequent 
or simultaneous use of sunlight or artificial light sources, photocatalytic oxidation into oxidized sulfur compounds 
can be achieved without SO2 release. The formation of such compounds as final products makes it possible to 
regenerate the composite material after saturation by washing with normal water. This technology constitutes an 
economically promising, sustainable, non-toxic, future method for H2S elimination from the gas phase in sewage 
and wastewater treatment plants.  
Keywords : H2S, SO2, oxidation, adsorption, TiO2, sepiolite, photocatalysis. 
 2 
 
INTRODUCTION 
Increased urbanization and industrialization is followed by inherent drawbacks in terms of contamination and 
accumulation of waste material. Especially toxic compounds are becoming an environmental concern, which 
needs to be addressed by developing new sustainable technologies. In recent years, environmental legislation 
has imposed stringent limits on atmospheric emission levels. In particular, the release of foul smelling, toxic or 
corrosive compounds from water treatment plants have received much attention. The most important are 
reduced sulfur and nitrogen compounds, organic acids, aldehydes and ketones1, with sulfur compounds being 
among the most polluting. For example, H2S is toxic, corrosive2, and generally considered an environmentally 
hazardous compound. Mercaptans, aromatic thiols, organic sulfides, etc. all contribute to odor related 
contamination as well. 
The formation of H2S from water treatment plants is associated with anaerobic conditions in collectors with 
low water flow and or high ambient temperatures. In these conditions sulfates present in the sewage water are 
reduced to sulfides by bacteria such as "Desulphovibrio Desulphuricans". This bacterium facilitates the oxidation 
of long chain organic acids present in the sewage water to acetic acid. The reaction is of the following type: 
 
2CH3-CHOH-COOH + SO42-  à 2CH3-COOH + H2S + 2CO2 + 2OH-      [1] 
 
Sulfides desorb from wastewater to the air as H2S. To avoid H2S desorption from water, the pH can be 
modified but the implementation of continuous cleaning systems for gas vapors, usually based on adsorption 
units, is preferred. These H2S removal units require certain specific properties for the adsorbent material. 
Activated carbons are currently the adsorbents used in water treatment plants. They are often impregnated with 
caustic materials such as NaOH, KOH or otherwise modified. 3, 4  The foul smelling air from the sewage 
chambers are initially washed in scrubbers, during which they gain high levels of humidity, and are then blown 
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through the adsorbent bed.5 H2S thus reacts with the basic adsorbent and is immobilized by various oxidation 
reactions, which are accelerated by the presence of humidity.6, 7 A drawback of these caustic impregnated 
carbon systems is that hydrogen sulfide is oxidized to elemental sulfur,7, 8  which cannot very easily be 
regenerated. 9, 10  Depending on the type of adsorbent and the surface sites, H2S undergoes a number of 
transformations during its deposition on the solid surface:11  
 
H2Sgas  à  H2Sads         [2] 
 H2Sads  à  H2Sads-liq         [3]  
H2Sads-liq  à  HS-ads + H+        [4] 
HS-ads + O*ads à  Sads + OH-        [5]  
HS-ads + 3O*ads à  SO2 ads + OH-       [6] 
  
For the conversion of reduced species like sulfides into the more benign and regenerable compounds like 
SO32- or SO42- catalytically active surfaces are required. In this relation, photocatalytically active adsorbents are 
very interesting materials, since photocatalysis is considered an attractive and sustainable technology for 
elimination of pollutants either in aqueous media or in gas phase.12 The photocatalytic process is especially 
adept for treatment of minor concentrations of contaminants in moderate/low effluent flows. TiO2 is the classic 
photocatalytic material since it exhibits high photocatalytic activity.13  
The mechanism for the photocatalytic degradation of H2S is not fully understood. Two of the proposed 
reactions pathways described in the literature involve OH radicals14 (eq 7) or molecular oxygen15 (eq 8) to 
produce sulfates species:  
O4H2HSO8OHSH 2
2
42 ++®+
+-·         [7] 
O4HSO2O
2
5
SH 2
2
422 +®++
-e         [8] 
Further research in this field demonstrated the formation of SO2 as reaction product.16,17 The formation of SO2 
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could be explained considering the following reaction.18  
OH
2
3
SO3SH 2222 +®++
· OOH         [9] 
SO2 is another toxic pollutant, and its release into the atmosphere should be avoided. The ideal photocatalytic 
process would be the transformation of H2S into weakly adsorbed soluble sulfur species that facilitate the 
recovery of the photocatalytic activity by a simple rinsing step.  
 
For industrial purposes immediate use of TiO2 particles is not possible, unless the photocatalytic material is 
build into a conformed or supported material. There has been much interest in finding new methods for the 
deposition of TiO2 as thin films.19 Borosilicate glass conformed in various shapes has been extensively used for 
TiO2 deposition. Although the most suitable conformation for treating large gas volumes are open channel 
monoliths, honeycomb structures present the drawbacks of channel-wall opacity and poor illumination efficiency 
have to be overcome.20  
Untreated sepiolite, a fibrous magnesium silicate (SiMgOx), is a light and inexpensive material frequently used 
as an adsorbent because of its high surface area and porosity.21  This clay is extensively used as cat litters, for 
removal of pesticides, moisture control, and animal feedstuffs (additive E-562). According to Bellman et al. the 
sepiolite from Tolsa S.A (Madrid, Spain) exhibits low biological activity because of the short length of its 
fibers.22 Moreover it is used as catalytic support since it improves the mechanical strengths of TiO2- and Al2O3-
based catalysts.23  The exact catalytic role of sepiolite in such catalytic processes is not totally clear. In fact, it 
has been suggested that this silicate may play a role in the migration of oxygen species and hydrogen spillover.24, 
For photocatalytic processes, the diffusion of OH radicals on illuminated TiO2 has been reported in different 
studies. Lee and Choi25 found that generated OH radicals on the TiO2 surface migrated beyond 80 µm to 
mediate the oxidation of carbon soot. Therefore it is likely that sepiolite might exhibit similar interesting 
properties.  
In this work, ceramic plates based on SiMgOx, or SiMgOX mixed with TiO2 powder, were developed and 
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tested in the photocatalytic oxidation of H2S. In a similar approach, conformed SiMgOX can be coated with 
TiO2. These “ conformed hybrid photocatalytic materials”  represent an attractive method for abatement of 
pollutants.26,27 The resulting removal will be bifunctional, based on chemisorption of pollutants on the adsorbent 
material followed by their diffusion towards the active photocatalytic centers. Earlier,28,29 this concept has been 
proved for photocatalytic oxidation of TCE.  
The implementation of this system for H2S elimination should facilitate further oxidation (e.g. as in equation 6) 
of the toxic gaseous sulfur species into sulfites and sulfates. Therefore, the materials become easy to regenerate, 
since washing with pure water is sufficient. This will prevent the use of hazardous chemicals such as strong 
bases on-site at the water cleaning plants, and furthermore reduce maintenance costs and labor risks.  
 
EXPERIMENTAL 
Synthesis. Plated supports were made by extrusion of doughs prepared by kneading a mixture of TiO 2–
anatase (G-5, Millenium) and SiMgOX (sepiolite, Tolsa S.A.) or pure SiMgOX with water. The optimum 
TiO2/SiMgOX ratio selected to carry out this study was 1:1, since this combines good textural and mechanical 
properties.30 The plate shaped materials were dried at room temperature for 48 h, then at 150°C for 12 h and 
finally treated at 500°C for 4h to obtain the desired crystalline phases. The resulting plates had the following 
dimensions: wall thickness 2 mm, geometric surface 19.76 cm2 (2.6 x 7.6 cm). 
 
Powder X-ray diffraction. Crystalline phases were determined by X-ray diffraction (XRD) on powdered 
samples with a PANalytical X´Pert Pro diffractometer with a nickel filter using a Cu Ka1 radiation  with  a  
wavelength  of   l = 1.5406 nm. The spectra were measured over the 2Q = 4-90° range with a 0.02° step 
with an acquisition rate of 2 s per step. Identification of the crystalline species was made out using the X’ Pert 
Highscore Plus software. 
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N2-Adsorption isotherms. Textural properties of the samples, i.e. specific surface area micro- and meso-
pore volumes were analyzed by adsorption/desorption of nitrogen at –196°C, in a Sorptomatic apparatus from 
Thermo Electron Instruments. The samples were outgassed overnight at 300°C to a vacuum of less than 10-4 
Torr to ensure that the surface was free from any loosely adsorbed species. All subsequent calculations were 
made subject to the outgassed weight of the sample. The BET method was used to determine the specific 
surface areas (SBET) from the adsorption data in the linear portion of the isotherm located in the relative 
pressure range of 0.05– 0.30 p/p0, typical for these samples.31  
 
Mercury intrusion porosimetry (MIP). A CE Instruments Pascal 140/240 apparatus was used to determine 
pore volume over the range of 7.5 nm to 300 µm. The Washburn Equation32 was used to analyze the 
pressure/volume data assuming a cylindrical non-intersecting pore model, taking the mercury contact angle and 
surface tension as 141° and 484 m·N·m-1, respectively.33 Samples were dried overnight at 150°C previous to 
the measurement to ensure that they were free from any loosely bound adsorbed species. 
 
H2S and SO2 adsorption/chemisorption measurements. For tests of adsorptive capacities, the plated 
materials were gently crushed, sieved and the fraction of plates with sizes between 2-4 mm were transferred 
into a cylindrical reactor with Ø=10.7 mm and a bed height of 16 cm. Using a conventional flow rig, the 
dynamic adsorption capacities were determined in dry conditions using a concentration of approximately 100 
ppm H2S and flow rate, F = 1000 ml·min-1.  The H2S level in the outlet stream was continuously determined by 
a Varian CP4900 m-GC. Immediately before and after each adsorption test, the inlet concentration was 
determined by letting the gas bypass the reactor for several minutes until a steady value was observed. A similar 
flow rig was used for SO2 adsorption tests. Here a concentration of 730 ppm SO2, F = 3300 ml·min-1 were 
used over a 200 ml bed of SiMgOX conformed as hollow cylinders and calcined at 500°C in air.  
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Photocatalytic measurements. The behavior of the photocatalysts comprises both adsorption and 
photocatalytic properties. Strategies to minimize the adsorption capacity should be designed in order to evaluate 
the actual photocatalytic performance of the samples. To this end, the extruded plates were crushed and 
dispersed in 2-propanol. Glass plates were coated with a thin layer of such dispersion and dried at 100ºC. Two 
set of samples were prepared this way: a sample containing only the absorbent function, with 150 mg of 
SiMgOx, and TiO2-SiMgOx incorporated materials with ratio 1:1 with two different total amounts of material, 
150 mg and 40 mg, to evaluate the effective use of the photoactive phase. For comparative purposes, TiO2 
coated samples were prepared as well. Two plates with 20 mg of P25 TiO2 (Degussa) were prepared, a 
reference sample, where TiO2 was deposited directly on the glass plate, and another sample with TiO2 coated 
onto the adsorbent.  
The glass plates where tested in a continuous plug flow gas phase reactor with a Pyrex glass window of 3 x 
10 cm size (length x width). Irradiation (4.4 mW cm-2) was provided by 2 UVA 8 W fluorescence lamps 
(Philips) which present a maximum emission at 365 nm. H2S was fed into the reactor from a calibrated H2S/N2 
gas mixture and diluted with humid air to obtain the desired H2S and water vapor concentrations. The operating 
conditions were the following: [H2S] = 15 ppm, F = 75 ml min-1, T = 30ºC, relative humidity, RH = 30% and P 
= 1 atm. Outlet concentrations of sulfur compounds were analyzed by a Varian CP-4900 m-GC.  
Selectivity to SO2 was calculated according to the following equation: 
 
100·
][][
][
22
2
2
outletinlet
outlet
SO SHSH
SO
S
-
=         [10] 
 
Thermogravimetry and desorption. Thermal gravimetric (TG)-mass spectrometry analysis of the supports 
was carried out using a Seiko SSC 5200 TG-DTA 320 System coupled to a Thermostar Balzers Instrument. 
Samples of about 20 mg were treated at room temperature for 20 min under helium (F = 500 ml·min-1). Then, 
the flow was diminished to 100 ml·min-1 and the system was heated to 1000°C, with a heating rate of 5°C·min-
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1.  
 
RESULTS AND DISCUSSION 
Characterization. Fig. 1 shows the N2 adsorption – desorption isotherms recorded for the mixed TiO2-
SiMgOX and pure SiMgOX extruded plates after temperature treatment at 150°C and 500°C. The isotherms of 
pure SiMgOX are of type IV according to the IUPAC classification, which is typical of mesoporous adsorbents 
showing capillary condensation.34 Furthermore they exhibit an H2-type hysteresis loop, characteristic of solids 
having pores of non-uniform size or shape. The SiMgOX sample calcined at 500°C adsorbs significantly less N2 
at low p/p0, due to collapse of the porous structure during calcination. At high relative pressures multilayer 
adsorption takes place and the hysteresis loops indicate the presence of wide mesopores in the range of 30-50 
nm. 35 The isotherms of the TiO2-SiMgOX composite samples are of the same type, but with a significant 
decrease in porosities compared to pure SiMgOX samples, probably induced by the intimate mixing of the TiO2 
powder with the fibrous SiMgOX clay. 
The textural properties of the samples are collated in Table 1. The SiMgOX plates after drying at 150ºC had 
a specific surface area of 182 m2g-1. The surface area was reduced to 130 m2g-1 after treatment at 500ºC. 
Inspection of the pore volume data revealed that the materials, even before calcination, mainly presented a 
mesoporous structure and that the contribution from micropores is negligible, as depicted in Table 1. The 
calcined TiO2-SiMgOX plates furthermore present a macroporous structure, seen by MIP analysis, generated 
during the extrusion process and associated with the interparticulate packing. The surface area of the calcined 
TiO2-SiMgOX composite is 109 m2·g-1, slightly lower than that of the pure SiMgOX material.  
According to XRD analysis, shown in Fig. 2, the calcined SiMgOX exhibits crystalline phases of SiO2 
(impurity) and sepiolite anhydride. The TiO2-SiMgOX sample contains the same phases and also the typical 
diffraction pattern of anatase; hardly any rutile phase is observed.  
 
 9 
Adsorption capacity. In Fig. 3 the H2S breakthrough curves of adsorption over the fixed beds of calcined 
SiMgOX and TiO2-SiMgOX are given. The dynamic adsorption capacities, defined as the amount of H2S 
adsorbed at the rupture point - the time where 5 ppm H2S (C/C0 = 0.05) is observed in the outlet stream of the 
adsorbent bed- are given in Table 1.  As can be seen in Fig. 3, the time before the rupture point is reached is 
longer for the TiO2-SiMgOX sample than for the SiMgOX.  These measurements correspond to dynamic 
adsorption capacities of 0.059 and 0.107 mmol·g-1 for the SiMgOX and the TiO2-SiMgOX samples, 
respectively. Thus, an inherent H2S adsorption capacity is present in the pure SiMgOX. Furthermore the 
composite material exhibits an enhanced H2S capacity, which can result from various phenomena. On one hand, 
the TiO2 has adsorptive capacity, which might contribute to the final capacity of the composite. On the other 
hand, from table 1 it can be appreciated that the macroporosity of the composite material is the double (0.29 
cm3g-1) compared to the pure SiMgOX (0.14 cm3g-1). Therefore, since these measurements are carried out 
under dynamic conditions the rate of surface reaction, due to improved accessibility of the reactants to the 
surface centers, is enhanced by the introduction of the TiO2. Most importantly, the results show that the 
composite material is able to capture H2S in an efficient manner, and thus can play an important role in a hybrid 
adsorption/photocatalytic H2S cleaning system.  
In Fig. 4 TGA trace and mass signals from m/z=34 (H2S) and 64 (SO2 or S2) are shown for the SiMgOX and 
TiO2-SiMgOX 500ºC samples heated in He. The trace signal of m/z=64 can be assigned to S2 as well as to 
SO2, but since the trace of m/z=48 (SO, not shown in figure for clarity) was identical, the observed desorptions 
originate from SO2. As it can be seen for both samples, H2S is mainly released during the heating ramp as 
physisorbed H2S at temperatures below 100°C. This suggests that most of the chemisorbed sulfur found at 
temperature higher than 100ºC is present on the saturated sample in higher oxidation states. A small peak of 
H2S might be seen at around 250°C, but since a large SO2 peak is observed in the same temperature, this H2S 
desorption could very well be due to an elemental sulfur decomposition reaction (reverse Claus reaction, eq. 
11) involving surface hydroxyl groups, which is known to be occurring on TiO2 based catalysts.36 
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2H2O(surface) + 3/nSn(s)  D 2H2S(g) + SO2(g)       [11] 
 
The SiMgOX sample has three principal SO2 desorption peaks at 300, 650 and 720°C. The first is probably 
due to loosely adsorbed SO2/SO32- species, while the desorption peaks at higher temperatures are more likely 
from sulfate decomposition reactions. It is obvious that in this material sulfur is present in higher oxidation states 
than -2, which confirms that although most sulfur is released as physisorbed H2S, there is some oxidation 
capability as well. The TiO2-SiMgOX sample exhibits similar desorption peaks at 250 and 650°C, while the 
high temperature peak is observed at above 800°C and with a very significant signal. This latter peak is 
probably related to strongly adsorbed sulfate species on Lewis acid sites.37 These observations confirm that the 
TiO2-SiMgOX is a better oxidizing catalyst than pure SiMgOX, even in the absence of photons, and prove that 
beneficial effects are gained by using the hybrid material.  
In Fig. 5 the SO2 breakthrough curve of adsorption over a fixed bed of a pure SiMgOX sample calcined at 
500°C is shown. The SiMgOX material contains basic centers, which have affinities for the stronger acids 
present in the gas phase. Since H2SO3 (SO2 + H2O) is a much stronger acid than H2S, it is expected that the 
clay material exhibit good SO2 sorption capacity. As seen in Fig. 5, even in this accelerated test, with 730 ppm 
SO2 in the gas phase, the SiMgOX material exhibits an adsorption capacity of 0.381 mmol·g-1, which clearly 
suggests that under real conditions the sepiolite phase will chemisorb significant amounts of any SO2 present in 
the gas phase or produced as a by product on the surface.  
 
Photocatalytic activity. Before the photocatalytic tests, the samples were saturated with H2S in order to 
distinguish between adsorption and photocatalytic properties. Firstly a slight decrease of H2S was observed but 
due to the small amount of material used, compared to the adsorption tests described above, the H2S signal 
rapidly reached the inlet value.  
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As it was expected, the SiMgOx sample hardly showed any activity under UV irradiation, while TiO2 
containing materials reduced significantly the pollutant presence in the air stream. Pure irradiated TiO2 oxidizes 
H2S very efficiently (Fig. 6, left). Nevertheless, after one hour of irradiation SO2 appears in the outlet and the 
selectivity rapidly increases until almost 100% is reached (Fig. 6, right). The same trend was previously 
observed not only with P25,17 but also with TiO2 thin films prepared by sol-gel.16 SO2, like all gaseous sulfur 
compounds, is toxic and malodorous and should be avoided. The use of TiO2-SiMgOx materials, with both 
adsorptive and photocatalytic properties, seems to achieve this goal. Both coated and incorporated TiO2-
SiMgOX composites avoid, or at least retard for 12 hours, SO2 release into the gas stream, being the first 
sample almost as efficient as P25. The lower conversion attained with incorporated samples could be attributed 
to the different TiO2 distribution and adsorbent amount. The concentration of the TiO2 on the surface in the 
coated samples favors the efficient use of incident photons. The fact that incorporated samples prepared with 
different amounts of photocatalyst showed similar H2S conversion (figure not shown) indicates that in these 
samples the reaction rate is limited by the amount of material exposed to photons. On the other hand, for 
samples with higher adsorbent mass better photocatalytic performance and longer photocatalyst lifetime are 
expected. The exact role of sepiolite in this system is complex and should be clarified in further research. 
 
CONCLUSION. TiO2-SiMgOX composites constitute promising hybrid materials for elimination of H2S at 
room temperature. Due to the photocatalytic activity of TiO2 it is possible to oxidize H2S into sulfur compounds 
of higher oxidation states. An important fraction of these oxidized sulfur compounds formed by the 
photocatalytic process is in the form of volatile SO2, which might leave the TiO2 phase as gas and return to the 
atmosphere as a contaminant. However, by combining the TiO2 phase with SiMgOX, in the form of 
incorporated and/or coated materials, the adsorptive capabilities of the clay make it possible to fixate the 
oxidized sulfur compounds on the solid composite material. Since the sulfur thereafter is deposited as ionic 
compounds (sulfites/sulfates), these hybrid materials are much easier to regenerate than usual adsorbents, where 
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elemental sulfur is generally formed, and may recover their activity by washing with water. Since this system 
works at room temperature, with the use of solar light, the process can be considered as an environmentally 
benign technology, with great possibilities for use in H2S removal applications in the future. 
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Table 1:  
 
  N2 Adsorption MIP Total pore 
Sample treatment SBET micro meso macro volume 
 (°C/hours) (m2g-1) (cm3g-1) (cm3g-1) (cm3g-1) (cm3g-1) 
SiMgOX 150/24 182 0.03 0.42 0.10 0.55 
SiMgOX 500/4 130 0.00 0.39 0.14 0.53 
TiO2 -SiMgOX 150/24 136 0.01 0.34 0.29 0.64 
TiO2-SiMgOX 500/4 109 0.00 0.31 0.29 0.60 
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Figure 1: Nitrogen adsorption isotherms of pure SiMgOX and hybrid TiO2-SiMgOX samples treated at 150 
and 500°C. 
 15 
 
0
5000
10000
15000
20000
25000
30000
0 10 20 30 40 50 60 70 80 90
2Q (°)
C
o
u
n
ts
Quartz
Sepiolite anhydride
Anatase
SiMgOX
TiO2-SiMgOX
 
 
Figure 2: Powder XRD of the SiMgOX and TiO2-SiMgOX supports after calcination at 500°C.    
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Figure 3: Dynamic adsorption of H2S with TiO2-SiMgOX and SiMgOX samples after calcination at 500°C. 
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Figure 4: TGA trace and mass spec. signals (curves of m/z = 34 and 64) of the SiMgOX and TiO2-SiMgOX 
samples (500ºC) after H2S chemisorption. 
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Figure 5: Dynamic adsorption of SO2 with SiMgOX (500ºC/4h air).    
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Figure 6: Conversion (left) and selectivity (right) over time during H2S photocatalytic oxidation with SiMgOX 
(solid black), P25 TiO2 (solid orange), incorporated TiO2-SiMgOX (dotted black) and coated TiO 2-SiMgOX 
(dotted orange) treated at 500ºC.  
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